1. Introduction {#sec1-sensors-15-29635}
===============

Raman spectroscopy is a physical method with a broad range of applications---it is suitable for the identification of substances, their structure and composition. The method is based on a non-destructive measurement of inelastic scattering of light (Raman scattering) that allows identification of a broad spectrum of molecules or characterization of molecular composition of a biological/non-biological sample by providing its spectroscopic fingerprint \[[@B1-sensors-15-29635],[@B2-sensors-15-29635]\]. In last few years has been used for identification and description of biological systems ranging from biomolecules to whole cells and organisms \[[@B3-sensors-15-29635],[@B4-sensors-15-29635],[@B5-sensors-15-29635],[@B6-sensors-15-29635],[@B7-sensors-15-29635],[@B8-sensors-15-29635],[@B9-sensors-15-29635],[@B10-sensors-15-29635],[@B11-sensors-15-29635],[@B12-sensors-15-29635],[@B13-sensors-15-29635],[@B14-sensors-15-29635],[@B15-sensors-15-29635],[@B16-sensors-15-29635],[@B17-sensors-15-29635],[@B18-sensors-15-29635],[@B19-sensors-15-29635],[@B20-sensors-15-29635]\].

The most frequent use of the Raman spectroscopy in microbiology is a phenotype measurement for strain identification (including bacteria, yeasts and algae) \[[@B2-sensors-15-29635],[@B3-sensors-15-29635],[@B11-sensors-15-29635],[@B13-sensors-15-29635]\], but the method can be used to determine a presence of virulence factors in a certain strain, too \[[@B10-sensors-15-29635],[@B16-sensors-15-29635],[@B21-sensors-15-29635]\]. Microorganisms can be analyzed directly from colonies grown on an agar plate \[[@B10-sensors-15-29635],[@B16-sensors-15-29635]\], microcolonies on solid culture media \[[@B22-sensors-15-29635]\] or single-cells obtained after a cultivation in liquid media \[[@B23-sensors-15-29635]\]. As the Raman spectroscopy measures the molecular composition of the cells, spectra might be influenced by culture conditions.

Culture media differ in their composition to satisfy the nutritive requirements of a particular group of organisms as well as to serve as a selective and/or diagnostic tool. The aim of our study is to find suitable culture media (from commonly used media in the laboratories of clinical microbiology) for selected organisms by assessing limitations caused by the influence of culture media on the Raman fingerprint of the given strain. Thus reproducible spectra of microorganisms can be obtained which, in turn, simplifies the data processing and evaluation. The investigation presented here shows the influence of commonly used culture media on the Raman fingerprint of selected microorganisms belonging to the groups of Gram-positive bacteria, Gram-negative bacteria and yeasts---namely, *Staphylococcus aureus*, *Staphylococcus epidermidis*, *Escherichia coli*, and *Candida albicans.*

Staphylococci are Gram-positive (with a compact cell wall containing a thick peptidoglycan layer) cocci that tend to form irregular clusters. Most of the species belonging to the genus *Staphylococcus* colonize the skin plus mucous membranes of humans \[[@B24-sensors-15-29635],[@B25-sensors-15-29635]\] and under certain conditions can cause infections \[[@B26-sensors-15-29635]\]. The most clinically relevant species of the genus is *Staphylococcus aureus,* which can cause infectious diseases like impetigo, osteitis, cellulitis, boils, scalded skin syndrome, and septicemia, as well as a toxin-mediated food poisoning and a toxic shock syndrome \[[@B27-sensors-15-29635]\]. When *S. aureus* enters the bloodstream, life-threatening invasive diseases, such as sepsis, osteomyelitis, endocarditis and meningitis can arise. These infections often have a nosocomial character \[[@B28-sensors-15-29635]\] and are difficult to treat \[[@B28-sensors-15-29635],[@B29-sensors-15-29635]\].

*Staphylococcus epidermidis*, the second most frequently isolated representative of staphylococci, is an important saprophytic organism found on the human skin. However, it can significantly contribute to ever-increasing morbidity and mortality of hospital-acquired infections \[[@B30-sensors-15-29635]\]. Major infections caused by *S. epidermidis* are biofilm-associated medical-device-related infections. These include prosthetic valve endocarditis, urinary tract infections, central nervous system infections, eye infections as well as intravascular-catheter associated infections and septic loosening of joint prostheses after total joint arthroplasty \[[@B25-sensors-15-29635],[@B31-sensors-15-29635],[@B32-sensors-15-29635],[@B33-sensors-15-29635],[@B34-sensors-15-29635],[@B35-sensors-15-29635],[@B36-sensors-15-29635],[@B37-sensors-15-29635]\].

*Escherichia coli* is a Gram-negative (having a more complicated cell-wall structure than the Gram-positive bacteria: the peptidoglycan layer is thin and sandwiched between the cytoplasmic membrane and bacterial outer membrane, and it contains phospholipids, lipopolysaccharides and proteins) rod that occurs in the intestinal tract of mammals as a common part of normal microflora. However, certain strains may cause infection in the human intestinal tract (e.g., toxin-producing strains). Moreover, *E. coli* is the most frequently isolated pathogen from community-acquired urinary tract infections as well as the most frequently isolated Gram-negative species from bloodstream infections \[[@B38-sensors-15-29635]\].

*Candida albicans* still remains the most frequently isolated yeast from clinical specimens \[[@B39-sensors-15-29635],[@B40-sensors-15-29635]\]. It is a polymorphic fungus that can switch phenotype between the unicellular yeast form and the filamentous form (hypha, pseudohypha) \[[@B41-sensors-15-29635],[@B42-sensors-15-29635]\] that usually inhabits the mucosal membranes in humans. However, when the balance between *C. albicans* and host is disrupted, this yeast can cause various infections ranging from oral/superficial candidiasis and infections of the reproductive system to serious infections---invasive candidiasis and candidaemia, which are often life-threatening \[[@B43-sensors-15-29635]\].

In the present study, we exploit point-by-point recording for significant parts of the microbial colonies grown on four different culture media (directly on the Petri dish) for each strain (selected media are commonly used in a microbiological laboratory for cultivation of the given organism). Specifically, we restricted the spot measurements to the central, middle and upper periphery of the microbial colony surfaces. We engaged the appropriate refocusing on a sample for each Raman spectra for the purpose of staying within the focal depth of the laser excitation and imaging optics.

2. Results and Discussion {#sec2-sensors-15-29635}
=========================

As was mentioned above, in order to assess the influence of certain media on Raman spectra of microorganisms concerning the repeatability as well as the quality of specific fingerprints, we analyzed four organisms (*Staphylococcus aureus*, *Staphylococcus epidermidis*, *Escherichia coli* and *Candida albicans*), each on four culture media, as described further in Materials and Methods ion.

All culture media contain biomolecules so they can provide an adequate nutrient supply for the microorganisms to grow and reproduce. As microbial colonies are relatively small, a signal acquired from a microbial colony can also include a signal from culture medium when measuring the edges plus the molecules from the medium can be found in the volume of a colony (see Experimental Setup).

The Raman spectra of selected culture media are shown in [Figure 1](#sensors-15-29635-f001){ref-type="fig"}. Majority of tested media (Endo agar---ENDO, blood agar---BA, blood agar with 10% NaCl---BA-NaCl, Mueller-Hinton agar---MH) show weak intensity of peaks (ranging up to 2500--3000 a.u.). The other two media (CHROMagar Candida---CHROM and Roosvelt-Park Institute Medium 1640---RPMI) show strong signals with numerous detectable peaks with intensity up to 5000 a.u. for CHROM and 12,000 a.u. for RPMI. The intensity of the peaks detectable in microbial spectra ranges from approximately 2000 a.u. up to 20,000 a.u.

As we showed in our previous work, the overall repeatability of the specific Raman spectra associated with a certain microbial strain after repeated cultivation is very high, even for samples prepared more than a year apart \[[@B16-sensors-15-29635]\]. To assess the repeatability for each organism-medium combination within the analysis we ran a principal component analysis (PCA) for all measurements of one organism grown on all corresponding media ([Figure 2](#sensors-15-29635-f002){ref-type="fig"}). All organisms were measured after identical cultivation conditions using the same equipment and exposition time.

![Raman spectra obtained from different culture media (ENDO---Endo agar, BA---blood agar; BA-NaCl---blood agar with 10% NaCl; MH---Mueller-Hinton agar; CHROM---CHROMagar Candida; RPMI---Roosvelt-Park Institute Medium 1640).](sensors-15-29635-g001){#sensors-15-29635-f001}

![Repeatability of Raman spectra of the given organism after growth on different culture media (ENDO---Endo agar, BA---blood agar; BA-NaCl---blood agar with 10% NaCl; MH---Mueller-Hinton agar; CHROM---CHROMagar Candida; RPMI---Roosvelt-Park Institute Medium 1640). Plots marked "Without RPMI" and "Without CHROM" are displayed to simplify the comparison of variability of Raman spectra measurement on all of the media. The lower the variability within the species is, the smaller the area covered by an ellipsoid.](sensors-15-29635-g002){#sensors-15-29635-f002}

Clustering of *S. aureus* spectra indicates that the most suitable medium for Raman spectral acquisition for this organism is MH medium. BA and BA-NaCl can also be used, but the repeatability of the fingerprint is lower. BA-NaCl is a selective medium, which could easily induce a dissociation of the strain (intra-strain variations) and therefore it might cause the variability in Raman spectra. A chemically well-defined medium containing many supplements, RPMI, induces a high variability in Raman spectra of *S. aureus* and therefore should not be used for analyses of this organism. Result for *Staphylococcus epidermidis* show the very same pattern.

Repeatability of *C. albicans* Raman spectra is high when using MH as well as SAB medium. On the other hand, cultivation on CHROM agar and RPMI medium induces a high variability of spectra. This might by influenced by different colony morphology induced by nutrients in a medium. For example, RPMI medium induces the hyphal form development leading to domination of this form over the yeast form \[[@B44-sensors-15-29635]\].

There is a low variability of Raman spectra obtained from *E. coli* colonies grown on MH agar, too. Cultivation on BA agar is shown to be comparable to MH, concerning the variability of spectra. *E. coli* fingerprint repeatability on ENDO agar is, however, lower than on previously mentioned media. This might be caused by the presence of a dye (fuchsine) in the medium. Fuchsine is relatively toxic for bacteria and can induce a dissociation of the given strain. Equally as in staphylococci, RPMI medium induces the high variability of Raman spectra in *E. coli* and therefore the repeatability of measurement on this medium is not sufficient. [Figure 3](#sensors-15-29635-f003){ref-type="fig"} shows the comparison of variability in *E. coli* spectra from RPMI and MH as an example of best-case scenario and worst-case scenario cultivation media for Raman spectral acquisition from bacterial colonies. For comparison, [Figure 3](#sensors-15-29635-f003){ref-type="fig"}c includes a plot of loading for the best-case scenario for all tested microorganisms---cultivation on MH agar.

More detailed analysis of Raman spectra corresponding to the selected organisms show that the fingerprint of RPMI medium (here RPMI appeared as a worst-case scenario medium) is visible in the spectrum of microbial colonies (detectable peaks with high intensity at approx. 820 cm^−1^, 1050 cm^−1^, 1310 cm^−1^ and 1450 cm^−1^) ([Figure 4](#sensors-15-29635-f004){ref-type="fig"}). Consequently, such a high influence of RPMI medium on the Raman spectra of selected microorganisms translates to the large size of the area given by the Mahalanobis distance ([Figure 2](#sensors-15-29635-f002){ref-type="fig"} and [Figure 3](#sensors-15-29635-f003){ref-type="fig"}). Also high influence of these peaks can be a trace in dedicated PC-loadings (each PCA can be further analyzed using the PC-loadings) when using PCA analysis for the selected samples ([Figure 3](#sensors-15-29635-f003){ref-type="fig"}). This is in contrary to MH agar (see [Figure 3](#sensors-15-29635-f003){ref-type="fig"}c) which contribution to PCA analysis of given microorganisms is very small---it is also translated to small area of ellipsoids calculated using Mahalanobis distance.

This problem (as with RPMI medium) is also observed when using CHROMagar (detectable peaks at approx. 1040 cm^−1^, 1360 cm^−1^ and 1600 cm^−1^).

Thus, detection of medium-induced peaks in Raman spectra of microorganisms impairs the association of the spectra with the certain corresponding organism as well as the specificity of microbial fingerprint and therefore should be avoided.

In addition, the spectra of each organism slightly change with the used culture medium. This might be a result of different nutrients intake leading to the differences in cell and colony composition.

According to the results presented above, the most suitable medium for analyses of all tested bacterial strains is MH agar. Moreover, analyses of colonies grown of MH agar show a very good repeatability also for the yeast strains. This within-analysis repeatability of MH agar used for yeast strains are consistent with our recent work employing *Candida parapsilosis* strains \[[@B16-sensors-15-29635]\]. In addition to MH agar, SAB agar is shown to provide the comparable repeatability of the yeast strain measurement.

![(**a**) Scores plot of the first two principal components relation for *E. coli* cultured on two different media---top cluster RPMI (down-triangle), bottom cluster MH (up-triangle). Using two principle components, one can clearly separate the clusters of spectra related to cultivation of the same microorganism on two different media. This suggests that during the growth of bacteria cultivated on RPMI agar, some substances from agar were absorbed into the volume of the colony translating to the final bacterial spectra; (**b**) Plot of loading of PC2 corresponding to [Figure 3](#sensors-15-29635-f003){ref-type="fig"}a supporting the contribution of spectral bands related to RPMI medium. Because of focusing conditions this is not due to the contribution from the underlying agar; (**c**) Plot of loading of PC2 corresponding to four bacteria included in our study cultured on the Mueller-Hinton agar supporting the contribution of spectral bands related to given microorganisms (three bands of beta-carotene). This is in contrast to [Figure 3](#sensors-15-29635-f003){ref-type="fig"}b where spectral bands related to RPMI medium were observed and shows that the Mueller-Hinton agar should be the medium of choice for microbiological experiments employing Raman spectroscopy measurements.](sensors-15-29635-g003){#sensors-15-29635-f003}

![Normalized representative Raman spectra of the microorganisms on all used culture media (ENDO---Endo agar, BA---blood agar; BA-NaCl---blood agar with 10% NaCl; MH---Mueller-Hinton agar; CHROM---CHROMagar Candida; RPMI---Roosvelt-Park Institute Medium 1640).](sensors-15-29635-g004){#sensors-15-29635-f004}

3. Materials and Methods {#sec3-sensors-15-29635}
========================

3.1. Microorganisms and Sample Preparation {#sec3dot1-sensors-15-29635}
------------------------------------------

Selected organisms representing Gram-positive bacteria (*Staphylococcus aureus* D 47, *Staphylococcus epidermidis*, STO 60), Gram-negative bacteria (*Escherichia coli*, CCM 3988) and yeasts (*Candida albicans*, CCM 8261) were used in the study. The CCM strains were obtained from the Czech Collection of Microorganisms. Both staphylococcal strains were isolated from clinical material and stored in the Culture Collection of the Department of Microbiology, St. Anne's Faculty Hospital in Brno, Czech Republic. All of these strains were stored at --70 °C. Before the experiment, the strains were thawed quickly at the room temperature and cultivated on the Mueller-Hinton agar (MH, Oxoid, Basingstoke, UK) at 37 °C for 24 h. Grown colonies were consequently transferred onto certain solid media in Petri dishes: MH, Blood agar with sheep erythrocytes (BA), Blood agar with sheep erythrocytes and 10% NaCl (BA-NaCl), Sabouraud agar (SAB, Merck, Germany), Roosvelt-Park Institute Medium 1640 with L-glutamine (RPMI, Sigma Aldrich, Munich, Germany) and CHROMagar Candida (CHROM, CHROMagar Company, Paris, France), Endo agar (ENDO, Oxoid, Basingstoke, UK), with each organism cultured on four media (see [Table 1](#sensors-15-29635-t001){ref-type="table"}). Selected media are commonly used in clinical laboratories. However, selected organisms have different nutritive demands and therefore not all of the media are suitable for all of the organisms and can inhibit their growth ([Table 1](#sensors-15-29635-t001){ref-type="table"}).

The cultivation on selected media before the experiment ran for 24 h (except for *Candida albicans* on CHROMagar, 48 h) at 37 °C.

sensors-15-29635-t001_Table 1

###### 

Cultivation of microorganisms using different culture media (x = used for the given organism).

  Medium/Organism                                        *Staphylococcus aureus*   *Staphylococcus epidermidis*   *Escherichia coli*   *Candida albicans*
  ------------------------------------------------------ ------------------------- ------------------------------ -------------------- --------------------
  Mueller-Hinton agar                                    x                         x                              x                    x
  Blood agar                                             x                         x                              x                    
  Blood agar-NaCl                                        x                         x                                                   
  CHROMagar Candida                                                                                                                    x
  Roosvelt-Park Institute Medium 1640 with L-glutamine   x                         x                              x                    x
  Sabouraud agar                                                                                                                       x
  Endo agar                                                                                                       x                    

3.2. Experimental Setup {#sec3dot2-sensors-15-29635}
-----------------------

Grown microbial colonies were examined using a commercial Renishaw Raman spectrometer (Renishaw inVia Raman Spectrometer, Renishaw plc., Wotton-under-Edge, UK), with 785 nm single-mode diode laser as the excitation source. After cultivation of 24 h on MH agar the colony size was approximately 100 µm so that spectra could be taken easily with focused laser (diameter of laser is approx. 2 μm × 10 μm). The steep decrease in colony height outside the flat center of a growing colony (here the diameter is approx. 40 μm). This is visualized by unfocused colony surface at the periphery of the colony ([Figure 5](#sensors-15-29635-f005){ref-type="fig"}). Note that the displayed colony is relatively small and was chosen just to demonstrate the shape of a bacterial colony. Mature colonies can be as large as a few mm in diameter with estimated thicknesses of hundreds of micrometers. We estimated the height of the displayed colony at the distance of 15 μm from the bottom of the colony by refocusing laser spot on the sample at 30 μm and the flat center on the top of the colony at 110 μm.

![Image of a colony of *Staphylococcus epidermidis*.](sensors-15-29635-g005){#sensors-15-29635-f005}

A laser beam was focused onto a sample by the microscope objective (Leica, Wetzlar, Germany, 50×, NA (Numerical aperture) 0.5) with the laser spot diameter of approximately 2 μm × 10 μm (note that such laser spot shape is characteristic for the Renishaw inVia instrument), with full axial depth of the excitation region at 8 µm \[[@B45-sensors-15-29635]\]. As the laser was focused onto a surface of the particular colony, we measured the response of a small fraction of a colony directly grown on the culture medium in the petri dish as recently described in the work of Samek *et al.* \[[@B16-sensors-15-29635]\]. To reliably apply the Raman technique, the laser was not focused at the area near the periphery where the height of the colony falls steeply. In this way, the signal contribution from the underlying agar can be minimized---the signal which originates from the culture medium is very low and not influencing the Raman spectra from a colony.

Overview spectra were acquired in the range of 600--1700 cm^−1^. As the interfering signal from the culture medium may vary depending on actual colony proportions, each spectrum was measured for 15 s from different parts of a colony in a total of 10 measurements for one strain (spectra were obtained from at least 3 colonies per strain).

3.3. Data Analysis {#sec3dot3-sensors-15-29635}
------------------

The Raman spectra were treated with the Savitzky-Golay coupled advanced rolling filter background removal routine (see \[[@B13-sensors-15-29635]\]), and subsequently analyzed using the standard multivariate principle component program written in-house using MatLab software (MathWorks, Natick, MA, USA). Spectra shown at [Figure 2](#sensors-15-29635-f002){ref-type="fig"} were normalized to the peak assigned to the amino acid phenylalanine \[[@B12-sensors-15-29635]\] at approximately 1004 cm^−1^. Phenylalanine is present in all of the tested microorganisms and was used for standardization following numerous tests to use this peak intensity. This is not ideal, however, this procedure could be used in instances where no proper standards available \[[@B12-sensors-15-29635]\]. The groups were marked by ellipsoids with Mahalanobis distance of 3 \[[@B46-sensors-15-29635]\].

4. Conclusions {#sec4-sensors-15-29635}
==============

We analyzed four microorganisms (*Staphylococcus aureus*, *Staphylococcus epidermidis*, *Escherichia coli* and *Candida albicans*), each grown on four different culture media, by Raman spectroscopy to find which medium influences the Raman spectrum fingerprint of each organism less. We showed that Mueller-Hinton agar is the most suitable medium for analyses of all tested microorganisms (compared with blood agar, blood agar with 10% NaCl, Roosvelt-Park Institute Medium 1640, Endo agar and CHROMagar Candida) providing a good repeatability of the microbial fingerprint as well as a low variability of spectra within the analysis. Contrariwise, the Roosvelt-Park Institute Medium 1640 and the CHROMagar Candida were shown to impair the specific microbial fingerprint by introducing the medium-specific peaks into it and subsequently resulting in variable within-analysis spectra and low repeatability of the measurement.
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